INTRODUCTION
The corpus luteum (CL) is an ovarian endocrine gland that secretes the steroid hormone progesterone, which is essential for the establishment and maintenance of pregnancy in the cow. Prostaglandin F 2α is secreted by the uterus (Nancarrow et al., 1973; Peterson et al., 1975) and potentially by the CL (Wiltbank and Ottobre, 2003; Weems et al., 2006) late in the estrous cycle of the nonpregnant cow to cause regression of the CL. In the pregnant cow, the embryo must regulate uterine and possibly luteal PG metabolism so that the CL is maintained and the pregnancy can be established. Significant embryo loss occurs after breeding (Diskin and Morris, 2008; Robinson et al., 2008) , and viable embryos often fail to adequately control PGF 2α secretion, resulting in regression of the CL and termination of the pregnancy (Mann and Lamming, 2001; Robinson et al., 2008) . Thus, manipulating PGF 2α secretion in reproductive tissues after mating may prevent early embryonic losses in cattle.
The n-3 fatty acids are a class of long-chain fatty acids that have been shown to decrease PG secretion in several tissues including PGF 2α secretion in the bovine uterus (Mattos et al., 2004; Wamsley et al., 2005) . Menhaden fish meal is a rich source of 2 n-3 fatty acids: eicosapentaenoic acid and docosahexaenoic acid. Previous studies have shown that dietary supplementation of fish meal increases plasma eicosapentaenoic and docosahexaenoic acids in plasma (Burns et al., 2003; Wamsley et al., 2005) and becomes incorporated into the bovine uterus (Burns et al., 2003) and attenuates PGF 2α metabolism. We hypothesize that dietary supplementation of these fatty acids will become incorporated into luteal tissue. The objective of this experiment was to investigate the effects of fish meal supplementation on bovine luteal n-3 fatty acid content.
MATERIALS AND METHODS
All animal procedures were approved by the Colorado State University Animal Care and Use Committee before initiation of the experiment.
Animals and Tissue Collection
Seventeen nonlactating Angus cows (2 to 8 yr of age) were used in 2 replicates (replicate 1 = 8 cows; replicate 2 = 9 cows) to examine the effects of fish meal supplementation on incorporation of n-3 fatty acids into blood and luteal tissues. Nonlactating cows were utilized as an animal model for this study to prevent potential confounding effects of lactation and energy balance on partitioning of n-3 fatty acids into reproductive tissues. Cows were individually housed in 6.7 × 40-m pens at the Colorado State University ARDEC facility located in Fort Collins. Cows were fed a corn silage-based diet for approximately 60 d. Diets were supplemented with corn gluten meal at 6% DMI (control; n = 4 in replicates 1 and 2) or rumen-grade menhaden fish meal (SeaLac, Omega Protein, Houston, TX) at 5% at DMI (a rich source of n-3 fatty acids; n = 4 and n = 5 in replicates 1 and 2, respectively). Silage was delivered to feed bunks and appropriate supplement was top dressed and hand mixed with silage. Rations were fed in the morning and animals had ad libitum access to feed throughout the day. Diets were fed (DM basis) to individual cows at 2.5% BW throughout the study. Cows were weighed weekly, and diets were adjusted to maintain DMI at 2.5% BW during the feeding period.
Rations were isocaloric and isonitrogenous, which met or exceeded NRC requirements for nonlactating cows (Table 1) .
Jugular blood samples (3 mL) and BW were collected immediately before the initiation of the experiment (d 0) and every 7 d thereafter until collection of the ovary. Blood was collected into tubes containing 5.4 mg of K 2 EDTA and stored on ice until processing. Samples were transported to the laboratory and centrifuged at 1,500 × g for 20 min at 4°C. Plasma was decanted into 12 × 75-mm polypropylene storage tubes and stored at −80°C until evaluated for fatty acid composition using GLC.
Estrous cycles of cows were synchronized using 2 injections of PGF 2α analog (cloprostenol sodium; Estrumate, Intervet/Schering-Plough Animal Health Corp., Union, NJ) administered at 14-d intervals. The first injection was administered at d 36 ± 1 and the second at d 50 ± 1 of the supplementation period. Cows were observed for signs of estrus at 12-h intervals after the second injection of PGF 2α analog. The ovary bearing the CL was surgically removed at midcycle (between d 10 and 12) after synchronized estrus that corresponded to d 60 ± 3 of the supplemental period. Ovaries were examined for presence of a CL by transrectal ultrasonography immediately before surgery using an Aloka 500V ultrasound machine equipped with 5.0-MHz linear array transducer (Corometrics Medicals Systems, Wallingford, CT). Immediately after ultrasonography examination, a standing flank surgical procedure was used to remove the ovary as described previously (Ahola et al., 2005) . The ovary with its associated CL was placed in PBS, stored on ice, and immediately transported to the laboratory. At the laboratory, the CL was removed from the ovarian stroma and approximately 1.5 g of luteal tissue was stored at −80°C until evaluated for fatty acid content using GLC. The remaining tissue was immediately used for in vitro studies investigating the effects of n-3 fatty acids on PGF 2α metabolism.
Total Luteal Long-Chain Fatty Acid Composition
Long-chain fatty acids from each CL (approximately 0.5 g of luteal tissue) were prepared for direct methylation as described previously (Sukhija and Palmquist, 1988) . Methlylated samples were transferred to 1.5-mL amber vials and subjected to GLC.
Luteal Polar and Neutral Lipid Separation
Lipids were extracted using the Folch procedure (Folch et al., 1957) from luteal tissue (approximately 1 g) obtained from 4 fish meal-and 4 corn gluten mealsupplemented cows. Briefly, tissue was thawed and homogenized in 20 parts of 2:1 (vol/vol) chloroform/ methanol per gram of wet weight tissue with a mortar and pestle. After thorough homogenization, 0.25% potassium chloride was added to bring the final ratio to 8:4:3 (vol/vol/vol) chloroform/methanol/0.25% potassium chloride to allow for phase separation. The solvent mixture was then centrifuged at 1,500 × g for 5 min at 4°C and the organic layer carefully removed from the aqueous layer. The organic phase was then completely dried under a stream of nitrogen gas and resuspended in 1 mL of n-hexanes.
Luteal neutral and polar lipids were separated using solid-phase extraction. Silica Sep-Pak cartridges (Waters Corporation, Milford, MA) were preconditioned with 20 mL of chloroform and luteal extracts were placed onto the column. The neutral lipids were eluted by forcing 40 mL of 1:1 (vol/vol) n-hexanes/diethyl ether through the column. The polar lipids were then eluted by first forcing 20 mL of methanol through the column followed by 20 mL of 3:5:2 (vol/vol/vol) chloroform/methanol/water through the column. Both neutral and polar lipid extracts were dried under a stream of nitrogen gas and stored at −80°C until analyzed using GLC. Long-chain fatty acids were methylated by direct methylation as described previously (Sukhija and Palmquist, 1988 ) and subjected to GLC.
GLC
A HP 5680 Series gas chromatograph and flame ionization detector was used to determine composition of fatty acids in feed, plasma, and luteal tissue samples. The instrument was equipped with a 30-m × 0.2-µm (i.d.) fused-silica capillary column (Grace Davison Discovery Science, Deerfield, IL). Fatty acid methyl ester preparations were manually injected onto the column using the split mode. The carrier gas was helium (flow rate at 1 mL/min), and the split was 20:1 at 280°C. Initial oven temperature was set at 160°C and held for 10 min. The oven was then programmed to increase temperature from 160°C to a final temperature of 250°C at a rate of 2.5°C/min and held for 10 min. Chromatographs were recorded using PeakSimple software (SRI Instruments, Torrance, CA). Identification of fatty acids was made by comparing relative retention times of fatty methyl ester peaks from samples with those of known fatty methyl ester standards (GLC-68 D, NuChek Prep Inc., Elysian, MN). Chromatograms were integrated between 10 and 50 min postinjection, and the area under the curve was generated for all peaks. Area under the curve for individual peaks, both known and unknown, was then divided by total area for each chromatogram. This results in a weight percentage for each fatty acid.
Statistical Analysis
All data are reported as the least squares means ± SEM. Body weight (initial and ending), ADG, and total luteal fatty acid composition were analyzed using 1-way ANOVA. The statistical model included dietary supplementation, replicate, and the interaction of dietary supplementation × replicate as sources of variation. Means were compared using a preplanned pairwise ttest. Calculations were made using PROC MIXED and the PDIFF option (SAS Inst. Inc., Cary, NC). Composition of fatty acids in plasma was analyzed using 2-way ANOVA with repeated measures. The statistical model included dietary supplementation, replicate, day, and all 2-and 3-way interactions as sources of variation. Day 35 BW was used as a covariate in the model to adjust for any potential differences in DMI. Cow within dietary supplementation × replicate was used as random variable in the model. Means were compared using a preplanned pairwise t-test. Calculations were made using PROC MIXED of SAS with the REPEATED statement. A heterogeneous autoregressive covariance structure was used to account for heterogeneous variances among repeated measures. Means were separated using the PDIFF option of SAS. Composition of luteal fatty acids in polar and neutral lipid fractions was analyzed using 2-way ANOVA. The statistical model included dietary supplementation, lipid fraction, and dietary × lipid fraction as sources of variation. Means were compared using preplanned pairwise t-tests. Calculations were made using PROC MIXED of SAS, and means were separated using the PDIFF option of SAS.
RESULTS

Changes in BW
Initial BW for cows assigned to corn gluten mealand fish meal-supplement groups were not different (552.3 ± 21.5 kg and 570.5 ± 20.4 kg, respectively; P > 0.10). Ending BW for cows supplemented with corn gluten meal and fish meal groups were not different (660.2 ± 28.9 kg and 657 ± 27.4 kg, respectively; P > 0.10). Average daily gain tended to be greater for cows supplemented with corn gluten meal when compared with those supplemented with fish meal (1.7 ± 0.1 kg and 1.4 ± 0.1 kg, respectively; P = 0.10).
Plasma n-3 Fatty Acid Composition
Changes in plasma n-3 fatty acids are shown in Figure 1. There was a main effect of day on plasma linolenic acid. Regardless of dietary supplementation, plasma linolenic acid was greatest at the start of supplementation and declined during the supplemental period (P < 0.05). There was also a main effect of dietary supplementation (P < 0.05). Plasma linolenic acid was greater (P < 0.05) for cows supplemented with fish meal during supplemental period compared with cows supplemented with corn gluten meal.
There was an effect of dietary supplementation and dietary supplementation × day interaction on plasma eicosapentaenoic acid ( Figure 1, panel B ; P < 0.05). Plasma eicosapentaenoic acid did not differ (P > 0.10) between cows supplemented with fish meal or corn gluten meal at the beginning of the experiment (d 0). Cows supplemented with fish meal had greater plasma eicosapentaenoic acid starting at d 7 of supplementation and remained greater during the remainder of the experiment when compared with cows receiving corn gluten meal (P < 0.05).
There was an effect of dietary supplementation, day, and dietary supplementation × day interaction for plasma docosahexaenoic acid ( Figure 1 , panel C; P < 0.05). Plasma docosahexaenoic acid did not differ (P > 0.10) between dietary supplement groups at the beginning of experimentation (d 0). Plasma docosahexaenoic acid was greater for cows supplemented with fish meal beginning at d 14 and remained increased for the remainder of the supplemented period compared with cows supplemented with corn gluten meal (P < 0.05).
Luteal Long-Chain Fatty Acid Composition
Total Fatty Acid Composition of Luteal Tissue. The effect of dietary supplementation on luteal fatty acid composition (panel A) and the ratio of n-6 to n-3 (panel B) are shown in Figure 2 . There was no effect of dietary supplementation on luteal content of palmitic, stearic, oleic, linoleic, or linolenic fatty acids (P > 0.10). Luteal tissue obtained from corn gluten mealsupplemented cows had greater arachidonic acid content compared with tissue collected from fish meal-supplemented cows (P < 0.05). Furthermore, luteal tissue collected from fish meal-supplemented cows had greater eicosapentaenoic and docosahexaenoic fatty acid contents compared with tissue collected from corn gluten meal-supplemented cows (P < 0.05). The increase in luteal content of n-3 fatty acids in cows supplemented with fish meal resulted in a decrease (P < 0.05) in n-6 to n-3 ratio when compared with luteal tissue collected from cows supplemented with corn gluten meal.
Neutral and Polar Lipid Composition of Luteal Tissue. The major long-chain fatty acids in neutral and polar lipid fractions of luteal tissue obtained from fish meal-and corn gluten meal-supplemented cows was further examined, and results are shown in Figure 3 . There was a main effect of lipid fraction for palmitic, stearic, linoleic, linolenic, and arachidonic acids (P < 0.05). The polar lipid fraction contained greater content of palmitic, stearic, and arachidonic fatty acids compared with the neutral lipid fraction (P < 0.05). Conversely, the neutral lipid fraction contained greater (P < 0.05) content of linoleic and linolenic fatty acids compared with the polar lipid fraction. Dietary supplementation did not affect distribution of these fatty acids into polar or neutral lipid fractions (P > 0.10). There was no effect (P > 0.10) of lipid fraction on luteal eicosapentaenoic acid, but luteal content of eicosapentaenoic acid was greater (P < 0.05) in both the neutral and polar lipid fractions of tissue collected from fish meal-supplemented cows. Regardless of dietary supplementation, there was an effect (P < 0.05) of lipid fraction on docosahexaenoic acid. The polar lipid fraction contained greater (P < 0.05) docosahexaenoic acid compared with the neutral lipid fraction. Furthermore, there was greater (P < 0.05) docosahexaenoic acid in both lipid fractions in tissue collected from fish meal- Figure 1 . Effect of dietary supplementation on relative composition of plasma n-3 fatty acids. Cows were fed a corn silage-based diet and supplemented with corn gluten meal (n = 8; open bars) or fish meal (n = 9; solid bars) for approximately 60 d. Day 0 is immediately before the start of supplementation. Panel A: linolenic acid; dietary supplementation (P < 0.05) and day (P < 0.05). Panel B: eicosapentaenoic acid; dietary supplementation (P < 0.05), day (P > 0.10), and dietary supplementation × day (P < 0.05). Panel C: docosahexaenoic acid; dietary supplementation (P < 0.05), day (P < 0.05), and dietary supplementation × day (P < 0.05). *Significant difference within day of supplementation; P < 0.05.
supplemented cows compared with tissue obtained from corn gluten meal-supplemented cows.
DISCUSSION
Cows in both dietary supplement groups gained BW during the feeding period and ending BW did not differ between groups. These results show that cows were on a high plane of nutrition during the experiment. However, ADG tended to be greater for cows supplemented with corn gluten meal. Therefore, d 35 BW was used in the model as a covariate when analyzing plasma fatty acid data to account for potential differences in DMI.
Most dietary n-6 and n-9 long-chain PUFA undergo extensive biohydrogenation by rumen microbes. There have been conflicting reports in the literature regarding degree of microbial biohydrogenation of dietary n-3 fatty acids. It has been reported that minimal biohydrogenation of eicosapentaenoic and docosahexaenoic acids occurs to protected fish oils that are added to the ruminant diet (Ashes et al., 1992) . However, significant biohydrogenation can occur to these fatty acids when unprotected fish oils are supplemented (Chikunya et al., 2004; Castañeda-Gutiérrez et al., 2007; Shingfield et al., 2010) . Cows receiving fish meal supplementation had increased plasma eicosapentaenoic and docosahexaenoic acids during the feeding period. These results are in agreement with previous studies in which dietary supplementation of fish meal or oil increases plasma eicosapentaenoic and docosahexaenoic acids (Burns et al., 2002; Burns et al., 2003; Wamsley et al., 2005; Childs et al., 2008 ). In the current and previous studies (Burns et al., 2002 (Burns et al., , 2003 Wamsley et al., 2005) , we used SeaLac, rumen-grade menhaden fish meal, and have consistently observed increased plasma n-3 fatty acids during supplementation. This would indicate that a significant amount of these fatty acids escape biohydrogenation and are potentially available for incorporation into reproductive tissues.
In the present study, a reduction in plasma linolenic acid was observed during the supplementation period. Similar reductions in plasma linolenic fatty acid have been reported from our laboratory (Burns et al., 2002 (Burns et al., , 2003 . Cows in the present study and our previous stud- (20:5), and docosahexaenoic acid (22:6). *Significant difference within class of fatty acid; P < 0.05. Panel B shows the ratio of n-6 (linoleic acid + arachidonic acid) to n-3 (linolenic acid + eicosapentaenoic acid + docosahexaenoic acid) fatty acids. *Ratios differ; P < 0.05. Within class of fatty acid, main effect of dietary supplementation is significant; P < 0.05.
ies were housed in a dry lot and fed a corn silage diet. Corn silage is low in linolenic acid compared with fresh grasses (Abayasekara and Wathes, 1999) . Cows had access to native range before experimentation, and altering diets from grass to corn silage may have resulted in the decline in plasma linolenic acid observed in this study and our previous studies.
To our knowledge this is the first report showing the effect of dietary supplementation of n-3 fatty acids on luteal fatty acid composition. Long-chain fatty acid composition of luteal tissue collected from corn gluten meal-supplemented cows was similar to previous reports in the literature for the bovine CL (Scott et al., 1968; Hinckley et al., 1996) . In the present experiment, supplementation of fish meal for approximately 60 d resulted in a greater than 260% increase in luteal eicosapentaenoic and docosahexaenoic acids and a 12% reduction in arachidonic acid compared with tissue collected from corn gluten-supplemented cows. Similar changes in n-3 fatty acids and arachidonic acid have been reported in endometrial tissue collected from cows supplemented with fish meal or oil (Burns et al., 2002 (Burns et al., , 2003 Wamsley et al., 2005; Childs et al., 2008) . The increase in n-3 fatty acids in luteal tissue obtained from fish meal-supplemented cows resulted in a decrease in the ratio of n-6 to n-3. This reduction in the ratio of n-6 to n-3 is in agreement with other studies wherein diets supplemented with fish meal or oil decreased the endometrial n-6 to n-3 ratio (Moussavi et al., 2007; Childs et al., 2008) .
We further examined the effects of fish meal supplementation on distribution of major long-chain fatty acids in neutral and polar lipid fractions of luteal tissue. The major polar lipids in luteal tissue would include glycerophospholipids and sphingolipids, whereas the major neutral lipids would include mono-, di-, and triacylglycerides, FFA, and cholesterol sterol esters (Wood and Harlow, 1969; Christie, 1985) . A greater percentage of SFA was associated with the polar lipid fraction in the present study. The polar lipid fraction contains a high percentage of glycerophospholipids, which are associated with the plasma membrane and membrane organelles of the cell (Singer and Nicolson, 1972; Christie, 1985) . Glycerophospholipids contain a glycerol backbone, and long-chain fatty acids are esterified at carbons 1 and 2, and a phosphoric acid attached at carbon 3. Long-chain SFA are generally esterified at carbon 1 of glycerophospholipids (Wood and Harlow, 1969; Holub et al., 1970) ; therefore, a greater percentage of SFA would be expected in this lipid fraction. Dietary supplementation did not affect the distribution of SFA in luteal tissue.
Luteal tissue contained a greater percentage of linoleic and linolenic acids in the neutral lipid fraction in the present study. This observation was somewhat surprising because long-chain unsaturated fatty acids and PUFA are generally esterified at carbon 2 of glycerophospholipids (Wood and Harlow, 1969; Holub et al., 1970) . However, the main function of the CL is the synthesis and secretion of the steroid hormone progesterone. Cholesterol is the precursor to all steroid hormones and is often stored in steroidogenic cells as cholesterol esters. Previous reports in the literature show that a greater percentage of linoleic and linolenic fatty acids can be esterified to cholesterol in luteal tissue (Waterman, 1980 (Waterman, , 1988 Waterman and Guthrie, 1984) , and data from this study support these observations. Dietary supplementation did not influence the distribution of these fatty acids between lipid fractions.
The bovine CL is capable of synthesis of PG including PGF 2α and PGE 2 (Wiltbank and Ottobre, 2003; Weems et al., 2006) , and arachidonic acid is the precursor to the 2-series PG. Arachidonic acid is not free in the cytosol, but generally esterified to membrane glycerophospholipids and is mobilized from membranes by phospholipases during PG synthesis. The polar lipid fraction of luteal tissue contained a greater percentage of arachidonic acid compared with the neutral fraction. A similar distribution of arachidonic acid between polar and neutral lipids has been reported for the bovine CL (Scott et al., 1968) . Therefore, a greater percentage of arachidonic acid in the polar lipid fraction may be esterified to membrane glycerophospholipids and can be used as a substrate for PGF 2α and PGE 2 synthesis in the bovine CL.
Eicosapentaenoic acid can be esterified to glycerophospholipids of membranes as well as used as a substrate for 3-series PG (Allen and Harris, 2001; Wathes et al., 2007) . In the present study, distribution of luteal eicosapentaenoic acid did not differ between neutral and polar lipid fractions. However, cows supplemented with fish meal had greater eicosapentaenoic acid in the polar lipid fraction of luteal tissue compared with tissue collected from corn gluten meal-supplemented cows. Eicosapentaenoic acid has been reported to reduce agonist-induced PG synthesis. There are several ways this fatty acid may reduce PG synthesis. First, eicosapentaenoic acid is a known competitive inhibitor of arachidonic acid for binding sites for the enzyme cyclooxygenase-2, a key enzyme that plays a pivotal role in PG synthesis (Schmitz and Ecker, 2008) , and thus may suppress synthesis of the 2-series PG in the bovine CL. Second, eicosapentaenoic acid has been reported to decrease cyclooxygenase-2 gene expression in many tissues that secrete PG in response to acute stimuli (Calviello et al., 2004; Zainal et al., 2009 ). In addition, we have reported that luteal tissue obtained from fish meal-supplemented cows resulted in attenuated PGF 2α -induced cyclooxygenase-2 gene expression (White et al., 2010) .
Like eicosapentaenoic acid, docosahexaenoic acid is often esterified to glycerophospholipids of membranes and regulate PG metabolism. In our study, greater docosahexaenoic acid was detected in the polar lipid fraction of luteal tissue. Furthermore, cows supplemented with fish meal had a greater percentage of docosahexaenoic acid in both neutral and polar lipid fractions when compared with tissue collected from corn gluten meal-supplemented cows. As stated above, docosahexaenoic acid has been reported to decrease PG synthesis in several tissues. However, the mechanism by which this fatty acid regulates PG metabolism is still largely unknown and warrants further investigation in the CL.
Conclusions
Supplementing the diet with protected n-3 fatty acids may be a novel method to regulate PG metabolism in breeding cows. Prostaglandin F 2α is the endogenous luteolysin in ruminants and is secreted by the uterus late in the estrous cycle to cause regression of the CL. Prostaglandin F 2α is also synthesized by the bovine (Diaz et al., 2002; Wiltbank and Ottobre, 2003; Weems et al., 2006) and ovine (Niswender et al., 2007) CL and may play an active role in regulating luteolysis in the ruminant. In the pregnant ruminant, the embryo must effectively control uterine and possibly luteal PGF 2α secretion during early pregnancy so the CL does not undergo luteolysis and the pregnancy can be established. It has been estimated that up to 35% of potential embryos fail to adequately regulate PGF 2α synthesis, leading to the regression of the CL and termination of the pregnancy (Robinson et al., 2008) . Data from this study show that dietary supplementation of rumen-grade menhaden fish meal can alter fatty acid composition of the CL with an increase in n-3 fatty acids and a reduction in arachidonic acid. This alteration of fatty acid composition may decrease luteal PGF 2α synthesis during early gestation, resulting in increased pregnancy rates.
